How will the emerging possibility of inferring ultra-large phylogenies infl uence our ability to identify shifts in diversifi cation rate? For several large angiosperm clades (Angiospermae, Monocotyledonae, Orchidaceae, Poaceae, Eudicotyledonae, Fabaceae, and Asteraceae), we explore this issue by contrasting two approaches: (1) using small backbone trees with an inferred number of extant species assigned to each terminal clade and (2) using a mega-phylogeny of 55 473 seed plant species represented in GenBank. The mega-phylogeny approach assumes that the sample of species in GenBank is at least roughly proportional to the actual species diversity of different lineages, as appears to be the case for many major angiosperm lineages. Using both approaches, we found that diversifi cation rate shifts are not directly associated with the major named clades examined here, with the sole exception of Fabaceae in the GenBank mega-phylogeny. These agreements are encouraging and may support a generality about angiosperm evolution: major shifts in diversifi cation may not be directly associated with major named clades, but rather with clades that are nested not far within these groups. An alternative explanation is that there have been increased extinction rates in early-diverging lineages within these clades. Based on our mega-phylogeny, the shifts in diversifi cation appear to be distributed quite evenly throughout the angiosperms. Mega-phylogenetic studies of diversifi cation hold great promise for revealing new patterns, but we will need to focus more attention on properly specifying null expectation.
Is the global success of the fl owering plants a function of some feature of the group as a whole, or does it really refl ect the success of one or more angiosperm subgroups (e.g., Sanderson and Donoghue, 1994 ) ? Are such apparent successes, at whatever level they occur, best explained by key innovations or by key opportunities (e.g., Moore and Donoghue, 2007 ) , and how has differential extinction infl uenced our perception of the problem? Answers to these questions depend on insights about phylogenetic relationships and about how species richness is distributed throughout the tree. Fortunately, our knowledge of angiosperm phylogeny has improved dramatically over the past decade (e.g., Cantino et al., 2007 ; Jansen et al., 2007 ; Angiosperm Phylogeny Group, 2009 ; Soltis et al., in press ) , as have methods for detecting the phylogenetic location of shifts in rates of diversifi cation (e.g., Slowinski and Guyer, 1989 ; Guyer and Slowinski, 1993 ; Sanderson and Donoghue, 1994 ; Mooers and Heard, 1997 ; Moore et al., 2004 ; Ricklefs, 2007 ; Alfaro et al., 2009 ; Moore and Donoghue, 2009 ). However, it will still be a long time before we know the relationships of every angiosperm species with any level of confi dence. In view of our incomplete knowledge for the foreseeable future, what are the best strategies for studying shifts in diversifi cation rate?
One approach has been to base such analyses on a backbone tree that depicts " established " relationships among the major lineages within a clade of interest. In this case, each terminal is assigned the number of species thought to be represented by an " exemplar species, " and the analysis necessarily bypasses how diversity is distributed within these terminal lineages (e.g., Sanderson and Donoghue, 1994 ; Alfaro et al., 2009 ; Santini et al., 2009 ). This has the obvious drawback of not being able to identify where shifts in diversifi cation may have occurred within a large terminal clade, and it can result in a particular kind of mistake: a shift in diversifi cation attributed to such a composite terminal might actually be due to a shift that occurred within that clade (a form of the " trickle-down " effect; Moore et al., 2004 ) .
Another possible approach, which has not yet been explored in detail, is to use a phylogenetic tree that includes all species for which relevant phylogenetic data are available, simply treating each terminal as a single species. In using this approach, one has to hope that there are enough representatives of the clade of interest for which data are available and that the sample of species available for phylogenetic analysis more-or-less accurately refl ects the distribution of the underlying species diversity. This approach has the obvious drawback of potentially biasing the results due to the over-or underrepresentation of particular clades in the underlying data set.
One would hope that these two different approaches would largely yield similar results, but such comparisons have not yet to allow the integration of molecular divergence time information and also to take into account the estimated number of species in different clades (e.g., Alfaro et al., 2009 ; Moore and Donoghue, 2009 ). However, uncertainties surrounding the timing of events can confound diversifi cation analyses (cf. Moore et al., 2004 ) , and the signifi cant gap that remains between molecular estimates for the origin and radiation of angiosperms (e.g., Smith et al., 2010 ; Magall ó n, 2010 ; Bell et al., 2010 ) and the stratigraphic record (e.g., Crane et al., 1995 ; Doyle, 2001 ) make this an especially contentious issue. Therefore, for the purposes of the analyses reported here, we are forced to employ methods that do not require temporal information. Here, we use the topology-based diversifi cation rate shift statistic, Δ i ( Chan and Moore, 2002 ; Moore et al., 2004 ) , but have modifi ed the likelihood and signifi cance calculations to accommodate exceptionally large species numbers. For an overview of the original methods and for additional details, we refer the reader to Moore et al. (2004) . In brief, local rate shifts in a tree are identifi ed by fi rst calculating a likelihood ratio under a onevs. two-rate Yule branching model by comparing the extant diversity for the ingroup and its sister group. A likelihood ratio is then calculated for the focal ingroup by comparing the extant diversity of the two clades stemming from the fi rst branching event. The Δ i statistic is equal to the difference between these two likelihood ratios. The Δ i attenuates the tendency for diversifi cation rate shifts to " trickle-down " to lower nodes in the tree by conditioning the evidence for a shift along the branch leading to the ingroup by the evidence for a shift occurring within the ingroup. However, under a Yule process, and assuming a fi xed branching probability, the likelihood of observing a particular number of species rapidly approaches zero as clade diversity exceeds ~1600 species. After this threshold, the estimated likelihood is automatically rounded to zero due to the fi xed range in the size of the exponent used in fl oating-point arithmetic carried out on a standard computer. To overcome this problem, we implemented the calculation of the shift statistic (as calculated in the program SymmeTREE) in the scripting language Python (version 2.5) and incorporated a fl oating-point arithmetic package, mpmath (version 0.9), which uses arbitrary precision machine numbers to allow calculations involving numbers that are as small or large in magnitude (bits used for number representation) as permitted by a computer ' s memory.
To assess the signifi cance of Δ i , SymmeTREE ( Chan and Moore, 2005 ) uses a computationally intensive Monte Carlo simulation to generate a null distribution of Δ i assuming a single-rate Yule branching process. This involves simulating hundreds of thousands of trees with diversities equal to the study tree, which can be prohibitively time consuming for large datasets. We bypassed the need to simulate a set of trees for each test by setting the parametric shape of the null distribution, a priori. We permuted a set of 100 000 random pure birth trees for tree sizes of 100, 500, 1000, 5000, and 10 000 and calculated Δ i for the fi rst branch above the root. Trees of larger size were not feasible to calculate given runtime limitations, though results were consistent between different tree sizes. The results from these simulations suggested that the null distribution of Δ i consistently approximated a Gaussian normal with µ = 0 and σ = 1.3 and did not appear to be strongly related to tree size. This parametric shape of the null distribution resulted in a type I error rate close to the nominal level of 5% and was therefore used to assess the signifi cance of a given empirical Δ i . Signifi cant shifts reported in the remainder of this paper assume that α = 0.05, been carried out, perhaps mainly because it has not been possible until recently to infer phylogenetic relationships at a very large scale (e.g., using all species in GenBank for major clades; see McMahon and Sanderson, 2006 ; Thomson and Shaffer, 2010 ) . Here we begin to explore this issue by focusing on a set of major plant clades that are widely considered to be exceptionally diverse: the angiosperms as a whole, monocots, orchids, grasses, eudicots, legumes, and composites. Specifi cally, we fi rst use small backbone trees for each of these groups to infer shifts in diversifi cation, then we compare the results to those obtained when we apply diversifi cation tests to phylogenetic trees for these clades derived from a mega-phylogenetic analysis. For this purpose, we have inferred a phylogeny for a large portion of the seed plant species represented in GenBank. We view these studies as exploratory, and the results as very preliminary. However, as we will argue, they highlight some potentially general insights into the study of diversifi cation as well as into the patterns and processes of angiosperm diversifi cation in particular.
IDENTIFYING MAJOR RADIATIONS IN A PHYLOGENETIC TREE
It has long been noted that the tree of life is highly imbalanced in places and that this pattern refl ects differences in the net rate of diversifi cation (speciation minus extinction) in different parts of the phylogeny. Such observations, combined especially with the rapid rise of molecular phylogenetics, have stimulated the development of methods and tools to extract information about diversifi cation rates from phylogenies. These range from tree-balance measures that variously test for asymmetry in the partitioning of species diversity across a tree (e.g., Agapow and Purvis, 2002 ; Purvis et al., 2002 ; Chan and Moore, 2005 ; Holman, 2005 ) , to methods that combine both topological and temporal information to infer speciation and extinction parameters (e.g., Nee et al., 1992 ; Magall ó n and Sanderson, 2001 ; Nee, 2001 ; Rabosky and Lovette, 2008 ; Alfaro et al., 2009 ; Moore and Donoghue, 2009 ) .
The general question of whether a given tree has experienced signifi cant diversifi cation rate variation among its branches is undoubtedly important, but we often want to identify where exactly these shifts are likely to have taken place in the tree and, ultimately, the underlying causes. Early studies making use of molecular phylogenies for understanding angiosperm diversifi cation focused on regions where shifts may have taken place (i.e., the stem subtending crown angiosperms). Tests initially evaluated highly reduced trees with just three terminals ( Sanderson and Donoghue, 1994 ) -an outgroup and two sister clades representing a possible fi rst branching event within crown angiosperms. Signifi cant rate shifts were assessed by calculating a likelihood ratio for the relative fi t of one or more Yule ( " pure birth " ) rate parameters distributed over various permutations of the four branches contained within the three taxon tree. This approach did not require a comprehensive tree, only the cumulative diversity estimates for the three clades. Chan and Moore (2002) modifi ed the methods of Sanderson and Donoghue (1994) to allow the identifi cation of local rate shifts in diversifi cation across all the branches in a user-supplied tree. As with the method of Sanderson and Donoghue (1994) , this approach does not require temporal information. Temporal methods for estimating diversifi cation rates had previously been developed (reviewed in Sanderson and Donoghue, Where considerable phylogenetic uncertainty still exists, we also examined several alternative topologies. For example, while many analyses place Amborella as sister to the rest of angiosperms, there is also the possibility that Amborella and Nymphaeales go together ( Leebens-Mack et al., 2005 ; Soltis et al., 2007 ) . We also examined alternative relationships among the major clades within the Mesangiospermae (i.e., the placement of Chloranthaceae; Jansen et al., 2007 ) , among the early-branching lineages within Monocotyledonae (i.e., the placement of Acorales; Davis et al., 2004 ; Chase et al., 2006 ) , within Orchidaceae (i.e., the arrangement of Vanilloideae and Cyprepedioideae; Cameron, 2006 ; Ramirez et al., 2007 ) , and within Asteraceae (i.e., the arrangement of Stiffi oideae, Mutisioideae, and Wunderlichioideae; Funk, 2002 , 2008 ; Funk et al., 2005 ) .
These analyses revealed a general pattern ( Fig. 1 ) . Surprisingly, signifi cant shifts in the rate of diversifi cation were directly associated with none of the long familiar groups. Although the exact location of signifi cant shifts elsewhere in these trees is less certain (owing to our collapse of large clades into single terminals), it is noteworthy that in each case one or more shifts do appear to be nested not far within the focal clade. For instance, in the case of angiosperms, regardless of the exact arrangement of the early-branching lineages, we identify a major increase in diversifi cation rate associated with Mesangiospermae. The recently recognized eudicot clade is the only one that we analyzed that is directly subtended by a signifi cant upward shift in diversifi cation rate ( Fig. 1 ).
EXAMINING ANGIOSPERM DIVERSIFICATION
USING A MEGA-PHYLOGENY Molecular phylogenetic data sets have been increasing exponentially, and there has been a growing effort to use as much available sequence data as possible to construct very large phylogenetic trees. Release 178 of NCBI ' s GenBank contained more than 115 624 497 715 bp (excluding whole genome shotgun submissions) and 120 604 423 sequence records, an extraordinary increase of 1 275 608 944 bp and 1 492 172 records in the 58 d since the previous release. Recent progress in both multiple sequence alignment (programs MUSCLE [ Edgar, 2004] and MAFFT [ Katoh and Toh, 2008] ) and phylogenetic analysis (programs TNT, [ Goloboff, 1999] , GARLI [ Zwickl, 2006] , and RAxML [ Stamatakis, 2006] ) has made it possible to assemble and analyze far larger data sets than ever before. Owing to these advances, recently published analyses have been able to include more than 1400 genes ( Hejnol et al., 2009 ) and more than 70 000 taxa ( Goloboff et al., 2009 ) .
Large comprehensive phylogenies present new problems and amplify old ones. For example, given the nonuniform collection of data, increasing the number of taxa in a data set unavoidably increases the amount of missing data in the alignment. The potential problems of missing data, including decreased phylogenetic accuracy, have been discussed at length elsewhere (e.g., Wiens, 2003 Wiens, , 2005 Hartmann and Vision, 2008 ; Lemmon et al., 2009 ) . It is worth noting that a recent study by Sanderson et al. (2010) explored the theoretical capabilities of phylogenetic analyses as a function of the amount and structure of missing data. They found that most data combinations contained too little information to produce a fully resolved tree, but that they can nevertheless distinguish many nodes in the tree from random. unless otherwise indicated. For illustrative purposes, we also examine the effect that a Bonferroni correction on α has on inferring signifi cant shifts in diversifi cation in our phylogenetic data set.
EXAMINING ANGIOSPERM DIVERSIFICATION USING A BACKBONE PHYLOGENY
Discussions of diversifi cation are often oriented by taxonomy, focusing on major named groups. For example, botanists, in noting that angiosperms are the most diverse clade of land plants, have tended to attribute a shift in diversifi cation to the origin of angiosperms, and have searched for novelties that might be responsible for this ( Darwin and Seward, 1903 ; Davies et al., 2004 ; Friedman, 2009 ; Crepet and Niklas, 2009 ). Sanderson and Donoghue (1994 ; also see Doyle and Donoghue, 1993 ) argued that it may not be the angiosperms as a whole that shifted to a higher rate of diversifi cation but, instead, that one or more major clades nested within angiosperms underwent rapid radiations. Similar arguments had been made earlier for birds by Raikow (1986) ; the real shifts in diversifi cation, he suggested, took place in nested subclades.
We fi rst explore these issues using a set of backbone trees that refl ect consensus views on the relationships among the major lineages within each clade. Specifi cally, we focus on clades that have long been recognized and named and that are highly diverse, and where a higher diversifi cation rate has been attributed to the group: Angiospermae, Monocotyledonae, Orchidaceae, Poaceae, Fabaceae, and Asteraceae. We also examine the eudicots, a major angiosperm clade that has only recently been identifi ed and named (Eudicotyledonae; Cantino et al., 2007 ) .
To test whether a signifi cant shift in diversifi cation rate was (or was not) associated with the origin of each major named clade, we assembled a backbone phylogeny for each one in which " terminals " generally represent many species ( Fig. 1 ) . Diversity estimates for each " terminal " in all backbone trees were obtained from Stevens (2010) . All analyses used the topology-based diversifi cation rate shift statistic, Δ i , described above.
Our backbone trees were assembled from the primary literature, and we consider these to be the best current hypotheses of relationships within the clades examined ( Fig. 1 ) . For relationships among angiosperms and their extant relatives, we used Qiu et al. (2006) , who recovered strong support for monilophytes as sister to seed plants and for acrogymnosperms as sister to angiosperms. For relationships among the major lineages within angiosperms, we relied on the recent genome-scale chloroplast phylogenies of Jansen et al. (2007) and . These authors reported strong support for Amborella as sister to the rest of the angiosperms, followed by Nymphaeales, and Austrobaileyales as sister to the recently recognized Mesangiospermae (Magnoliidae, Chloranthaceae, Monocotyledonae, Ceratophyllum , Eudicotyledonae; Cantino et al., 2007 ) . For relationships within monocots, we relied on Chase et al. (2006) , and for eudicots, we used Worberg et al. (2007) . For Orchidaceae, we relied on Cameron (2006) , and we used the Grass Phylogeny Working Group (2001) tree for Poaceae. Finally, we referred to the trees of Wojciechowski et al. (2004) and Bruneau et al. (2008) for relationships within Fababceae and to the study of Panero and Funk (2008) for backbone relationships within Asteraceae. Fig. 1 . The trees represent the phylogenetic relationships among the eight clades that were analyzed separately using both the (A) backbone and (B) large-scale phylogenetic approaches. The locations of rate shifts in diversifi cation are denoted by black bars. We note that shifts are not associated with the origin of fl owering plants or the origin of several highly diverse, named groups nested within. Instead, signifi cant rate shifts are nested somewhat within each named group. The recently named Eudicotyledonae is the only clade analyzed that is directly subtended by a signifi cant shift in diversifi cation. (B) The locations of rate shifts when testing the large-scale phylogenetic approach are also not associated with the origin of any of the same highly diverse named groups. In general, the exact location of shifts when testing the large-scale phylogenetic approach corresponded somewhat with the locations inferred from the representative phylogenetic approach (A). The two exceptions being the Eudicotyledonae and Fabaceae, where the location of the shifts was dependent on the placement of species poor clades. We also note that the backbone approach (A) cannot detect shifts along branches leading to the " tips " ; therefore, we only denote such shifts in the large-scale phylogenetic approach (B). the major angiosperm groups (APweb, Stevens, 2010 ) , our data set represents ca. 21% of known angiosperm diversity. However, this sample of species is unlikely to be distributed in proportion to the actual diversity of angiosperm subclades. Some groups will likely be over-or undersampled depending on diffi culties in collecting, identifying, extracting, and sequencing, and on the chance interests and inclination of individual systematists. A key difference between the " backbone " tree approach described and carrying out analyses on a mega-phylogeny is the potential for bias introduced by such nonrandom sampling.
To explore this issue, we estimated the bias in sampling for each " order " of angiosperms recognized in the APG system (see Table 1 ). We relied on the Z -test statistic to compare the observed sampling proportion for an order (i.e., total number of species contained within an order included in our phylogenetic data set/55 000) to the expected sampling proportion. In our case, if sampling were completely random, our expectation is that roughly 21% of the species contained within any given order should be contained within our phylogenetic data set. We then standardized this difference in the observed and expected proportions by assuming a standard error of 0.04 based on the fact that our phylogenetic data set of more than 55 000 species could realistically represent anywhere between 17 and 25% of fl owering plants (assuming a range of 225 000 to 325 000 species surrounding our estimate of fl owering plant diversity) (see Scotland and Wortley, 2003 ) .
Based on this analysis, 25 of the 59 orders are judged to be oversampled, meaning that the phylogenetic data set includes signifi cantly more than 21% of the inferred diversity of the group in nature. Six orders appear to be undersampled, meaning that the phylogenetic data set includes signifi cantly less than 21% of the inferred diversity ( Table 1 ) . Phylogenetic sampling is decidedly nonrandom in being oriented by existing classifi cation systems and specifi cally aiming to include a good sampling of " isolated " groups in broad phylogenetic studies. Accordingly, it is not surprising that many of the cases of oversampling involve groups that contain only one or a few species and represent relatively deep splits in the angiosperm tree, such as Amborella , Acorus , Trochodendron , and Petrosaviales ( z = 16, P < 0.001). In contrast, several small groups remain rather poorly sampled, such as Picramniales (3 of 46 species; z = 2.6, P = 0.005). In our data set, sampling is poorest in the Pandanales, from which only 71 of the 1345 species (ca. 5%; z = 3, P = 0.001) are included in our tree. Unexpectedly, considering the uncoordinated nature of the sampling effort, 28 of the 59 orders appear to be sampled roughly in proportion to their estimated diversity ( Table 1 ) . Included among these clades are a number of exceptionally large ones, such as Asterales ( z = 0.2, P = 0.42), Asparagales ( z = 0, P = 0.50), and Fabales ( z = 0.40, P = 0.345). In fact, most of the clades with more than 10 000 species are represented at about the 20% level; of these, Myrtales ( z = 1.0, P = 0.16) are at the low end with ca. 15%, and Ericales ( z = 0.6, P = 0.27) are at the high end with ca. 23%.
Although we recognize that sampling across the angiosperms is still decidedly nonrandom overall, we were satisfi ed by these comparisons that the existing sample could potentially yield meaningful results in analyses of diversifi cation rate. Indeed, it is possible that the nature of the sampling to date could have some advantages. For example, a totally random selection of ca. one fi fth of the species of angiosperms could well miss such small, isolated clades entirely, which might bias against the Despite potential pitfalls in tree inference at this scale, megaphylogenetic analyses have proven useful in revealing broad evolutionary patterns. For example, Smith and Donoghue (2008) confi rmed that rates of evolution in woody plants were slower than in herbaceous plants ( Gaut et al., 1992 ) . found similar results in relation to climate evolution, where woody lineages accumulated fewer changes per million years in climatic niche space than related herbaceous lineages. A large phylogenetic analysis of grasses documented that C 4 grass evolution is correlated with shifts into drier, but not necessarily warmer, climates ( Edwards and Smith, 2010 ) . Goldberg et al. (2010) found evidence for species selection using a mega-phylogeny of Solanaceae.
To explore the diversifi cation of angiosperms using a very large phylogeny, we inferred a tree for fl owering plants and acrogymnosperms (included for rooting purposes) using available data from GenBank for six gene regions: the chloroplast genes atpB , matK , trnK , trnL , rbcL , and nuclear ribosomal ITS. These regions were chosen because they are among the most commonly used gene regions for molecular phylogenetic studies in plants. The chloroplast regions are also relatively less complex with respect to gene duplication and loss. Although ITS is sometimes more complicated (see Alvarez and Wendel, 2003 ) , it was included here because it is the best-sampled plant gene region in GenBank. The data set was assembled using the methods described in , as implemented in the PHLAWD program. This method uses GenBank nucleotide data for the clade of interest and requires gene regions of interest to be identifi ed before the analysis. It then uses a " baited " sequence comparison approach wherein a set of sequences provided by the user is used to fi lter GenBank sequences and to determine that sequences are homologous to the gene regions of interest. Sequences that are judged not to be homologous are removed. Once sequences are identifi ed to belong to the gene regions of interest, saturation analyses are conducted comparing uncorrected genetic distances to corrected distances. If alignments appear to be saturated, the alignments are broken up using prior phylogenetic knowledge (classifi cation systems) as guides, and separate alignments are carried out for the individual groups delimited in this way. These individual alignments are then aligned together using profi le-to-profi le alignment techniques ( Edgar, 2004 ) . Our fi nal concatenated data set included 55 473 species and 9853 aligned sites (Appendix S1; see Supplemental Data with the online version of this article). We conducted 223 maximum likelihood analyses using the standard RAxML search algorithm with the asymptotic stopping rule and the low memory consumption fl ag ( − F and − D options) under the GTR+CAT approximation of rate heterogeneity partitioning for each gene ( Stamatakis, 2006 ; see online Appendix S2). We also inferred 244 bootstrap trees using the RAxML rapid bootstrap algorithm ( Stamatakis et al., 2008 ) to provide support values for the best-scoring ML tree and to compute strict, majority-rule, and extended majority rule consensus trees. We used the majority rule consensus tree from the ML analyses in conducting tests for shifts in diversifi cation. Some taxa, because of either misalignment, lack of convergence with the phylogenetic algorithm, or particular missing data patterns, were clear outliers. This phenomenon of rogue taxa can be common in extremely large phylogenies (e.g., McMahon and Sanderson, 2006 ; , and in this case, we identifi ed 120 such taxa and removed them from the phylogeny.
If we assume that there are around 256 000 species of fl owering plants based on a rough tally of the diversity contained with because Ceratophyllum was placed as sister to the rest of the mesangiosperms (as opposed to being sister to the eudicots in the backbone tree) and the species rich monocots were placed as sister to the eudicots. Also, we note that within eudicots there are major topological differences between the mega-phylogeny and the generally accepted relationships depicted in the backbone tree (see Fig. 1 ). In particular, core eudicots are shown as the sister group of the remaining eudicots, as opposed to being nested within the clade. This could be a function of the inclusion of species for which sequences are missing for most loci.
In Poaceae, we recovered a shift with the origin of the BEP/ PACMAD clade ( P = 1.6e-09), in Orchidaceae at the origin of the clade that includes Cypripedioideae and Epidendrioideae ( p = 0.018). We recovered a shift in monocots after the divergence of Acorales ( P = 0.0004) and in Asteraceae just above the divergence of Barnadesioideae ( P = 0.003). The one exception was Fabaceae, where we did infer a shift in diversifi cation rate directly at the base of the group using the mega-phylogeny ( P = 1.7e-07), but we note that this depends on the exact placement of the species-poor Quillajaceae clade. The location of Quillajaceae as sister to Fabaceae in the phylogeny is novel (73% bootstrap support). Focused systematic studies of Fabales have alternated between placing Quillajaceae as sister to a clade comprised of Polygalaceae, Surianaceae, and Fabaceae ( Forest et al., 2002 ; Banks et al., 2008 ) , and placing Quillajaceae identifi cation of signifi cant shifts where these actually exist. In this sense, it is a good to think that molecular systematists have specifi cally targeted such small clades. Given that such clades have been sampled in the fi rst place, the fact that they are relatively oversampled should bias in favor of false negative results (failing to infer a diversifi cation shift where one actually exists), because it would tend to diminish the real difference in species numbers between them and their larger sister groups.
In addition to fl owering plants as a whole, we focused on the same six major clades considered earlier (Monocotyledonae, Orchidaceae, Poaceae, Eudicotyledonae, Fabaceae, and Asteraceae) ( Fig. 1B ) . Importantly, the results we obtained using the megaphylogeny is generally congruent with those obtained using the backbone tree approach described. That is, with one exception, we failed to fi nd a signifi cant shift in diversifi cation associated directly with the origin of these major clades, but instead found signifi cant shifts nested not far within the clade. As an aside, because these tests were targeted to the origin of six specifi c groups, we did not use the Bonferroni correction for these specifi c tests. In the case of the angiosperms, we identifi ed a major increase in diversifi cation rate associated with the branch leading to the least inclusive clade that includes the magnoliids, monocots, and eudicots within the Mesangiospermae ( P = 3.5e-07). In contrast to the backbone tree approach, we did not detect a signifi cant upward shift at the base of the eudicots in the mega-phylogeny Table 1 . Proportional sampling for the 59 angiosperm " orders " recognized by the Angiosperm Phylogeny Group (2009) . Sampled proportions for each order were calculated by dividing the species included in the mega-phylogeny by the estimated diversity for the group. The sampling proportions were then compared against the assumption that they should be sampled according to an expected proportion of 21% (based on the proportional sampling of our phylogenetic data set) and we assessed whether they were signifi cantly over-or undersampled or randomly sampled with respect to the expected proportion. Differences between the two proportions exceeding critical values according to a z -distribution ( α = 0.05) were considered signifi cantly different. Notes: *, P < 0.05; **, P < 0.01 have instead marked only the signifi cant shifts that were inferred along internal branches. In contrast, in using the mega-phylogeny approach, we have not assigned species numbers to any of the tips and instead have inferred diversifi cation shifts based only on the species included in the tree. This approach is obviously susceptible to potential sampling biases -that is, it depends to some extent on their having been more or less random sampling throughout the tree. We know that this is not true across the angiosperms, but we were pleasantly surprised to fi nd that many large order-level clades appear to have been sampled more or less in proportion to their inferred diversities. This seems to be the case for the major named clades that we have focused on here. On the other hand, smaller, relatively early-diverging lineages have often been oversampled, which to some extent should bias against seeing signifi cant shifts in their vicinity. In any case, this general approach offers some distinct advantages, particularly the potential to quantitatively explore general patterns across very large clades such as the angiosperms.
Interestingly, the two approaches yielded generally similar results with respect to the location of diversifi cation shifts in the major angiosperm clades that we have examined. We fi nd this agreement somewhat comforting. It suggests that backbone approaches can yield meaningful results, but also that our sequence databases have matured to the point that studies using mega-phylogenies can yield similar results, despite nonrandom sampling and considerable phylogenetic uncertainty. Phylogenetic uncertainty is especially worth noting in this context and is highlighted by the two major differences we found between the two approaches, namely, for Fabaceae and the Eudicotyledonae. The placement of Quillajaceae in our mega-phylogeny in relation to the origin of Fabaceae may be incorrect based on other analyses (see Forest et al., 2002 ; Wojciechowski et al., 2004 ; Banks et al., 2008 ; Bello et al., 2009 ). Yet, this placement contributes to the fi nding of a signifi cant shift in diversifi cation along the branch subtending the Fabacaeae. By contrast, the placement of Ceratophyllum as sister to the rest of the mesangiosperms, as opposed to sister to the eudicots, and the placement of the core eudicots itself, contribute to not recovering a shift in diversifi cation along the branch subtending the eudicots. We worry about the accuracy of phylogenetic inferences in conducting such large analyses and in the face of so much missing data, and we caution that these problems may compromise the down-stream use of mega-phylogenies for some purposes.
Of course, we must also note that agreements between results using these two approaches do nothing to guarantee that the results are correct or that we have identifi ed true underlying causes. Take, for example, our fi nding that a shift in diversifi cation did not occur at the base of the angiosperms, but instead subtending the Mesangiospermae. It is possible that there was an upward shift in diversifi cation at this point, perhaps owing to a feature (an " innovation " ) that evolved along that branch, such as the congenital closure of the carpel ( Endress and Igersheim, 2000 ) . However, it is also possible that an upward shift did not occur at this point. Instead, there may have been an inordinate number of species extinctions within the branches represented by extant Amborella , Nymphaeales, and Austrobaileyales. Perhaps these branches once each contained thousands of species, and speciation occurred at roughly the same rate as in the mesangiosperm clade. If so, " key innovation " or " key opportunity " explanations would not be called for; instead, we would want to focus on whatever factors resulted in the differential extinction rates. Unfortunately, the fossil record may remain too sparse to directly with Surianaceae ( Wojciechowski et al., 2004 ; Bello et al., 2009 ) .
Across the entire phylogeny, we detected ca. 2700 signifi cant shifts, on roughly 4.9% of the internal branches. Unlike the tests performed, which were targeted to particular nodes, detecting shifts across an entire tree requires correcting for multiple tests. When adjusting signifi cance according to a Bonferroni correction, the signifi cance threshold is P < 9e-07, which we believe is overly conservative as function of their being such a large number of tests on such a large tree. With this threshold, only 16 signifi cant shifts are detected, including two discussed above -at the origin of Mesangiospermae, and at the origin of Fabaceae. Our sense is that the number of signifi cant shifts probably lies between the 16 and 2700 signifi cant shifts. Although we are uncertain about how to narrow in on a better number, we were fascinated by the patterns that emerged with the possibility of a very large number of shifts. Specifi cally, it appears that the 2700 shifts that we detected without the Bonferroni correction are relatively evenly distributed across the entire tree, as opposed to being especially concentrated in certain clades and sparse in others ( Fig. 2 ) . There is not a strong relationship between the percentage of signifi cant shifts and the inferred diversity of the order-level clades, implying that there is no systematic bias at this level for larger clades to contain more shifts than smaller ones ( Fig. 2B ) . In fact, considering the most diverse orders, we roughly fi nd 4 -6% of the nodes associated with shifts in diversifi cation: e.g., Asterales = 6.4%, Fabaceae = 5.8%, and Orchidaceae = 4.8%. Furthermore, signifi cant diversifi cation shifts are not widely separated from one another, with the average minimum nodal distance between inferred events being 3 (95% CI = 2 -6). Essentially, there is a frequently repeated pattern in which a pectinate series of relatively species-poor clades subtends a more species rich clade in which the two primary subclades are more nearly equal in species diversity. We also note that most of the shifts in diversifi cation (71%) are shifts upward in diversifi cation rate, with many fewer downward shifts in diversifi cation. This pattern could be a result of the methods ability to detect upward vs. downward shifts, but it is also possible that there has been a general trend in angiosperms toward increasing diversifi cation ( Liow et al., 2010 ) . As noted already, however, further analysis of these shifts will require a more detailed consideration of signifi cance values and methods of correcting for multiple tests.
DISCUSSION
Comparing backbone tree and mega-phylogeny approaches -We contrast two approaches for examining shifts in diversifi cation: (1) using a small backbone tree in which the terminals often represent many species and (2) using a megaphylogeny without assigning any additional species to the terminals. In the case of the backbone tree approach, diversity estimates obtained from published sources are assigned to the relevant tips of the phylogeny (cf. Alfaro et al., 2009 ; Santini et al., 2009 ) . One benefi t of this approach is that it can take into account the inferred diversity of clades. The main drawback is that the backbone trees are generally small, and the terminals effectively become " black-boxes. " Consequently, if a shift is inferred along the stem leading to a tip, we do not know whether that shift occurred along that branch or whether it occurred somewhere within the species rich terminal. For this reason, we have not marked these terminal shifts in the trees in Fig. 1 and which we tend to make generalizations and for which we seek causal mechanisms. We have often, therefore, concentrated on the characteristics of these groups as possible drivers. Our analyses suggest that we have mis-attributed diversifi cation rate shifts to many of these species-rich named groups. In part, we think that this is because we have, until recently, failed to properly recognize the truly diverse clades nested within the traditional groups and to properly attach names to these clades (e.g., Mesangiospermae within Angiospermae, or Eudicotyledonae). Moving forward, we expect that the accelerated naming of clades (e.g., Cantino, et al., 2007 ) will allow us to more precisely identify and explain patterns of diversifi cation. It is worth noting, however, what we suspect is an important methodological asymmetry: we may generally be more confi dent in identifying where diversifi cation rate shifts have not occurred (i.e., not directly subtending particular named clades) than we will be in identifying precisely where they have occurred.
Our analyses using the mega-phylogeny point to a number of patterns that could not previously have been recognized and quantifi ed, and we believe that further studies along these lines will open up new avenues of research. As we have suggested, it would appear that shifts in diversifi cation are quite common and perhaps more uniformly distributed throughout the angiosperm tree than we might have expected. This pattern requires further analysis, but if it holds up it could lead to a profound shift in our outlook on such problems. A key issue will become how to distinguish real shifts in diversifi cation from noise and statistical artifacts. As it emerges, the total of ca. 2700 diversifi cation shifts that we have inferred throughout the tree is not far from the 5% error rate and could have come about through chance alone (i.e., we expect the Δ i statistic to incorrectly reject the null hypothesis in favor of a signifi cant shift about 5% of the time). Although we believe that this is unlikely and that there have been genuine shifts in diversifi cation rate, both up and down, the underlying error rate will make it diffi cult to confidently identify signifi cant shifts in diversifi cation when they indeed exist.
provide an accurate estimate of the number of species that once existed in these lineages, and the estimation of extinction rates from knowledge of extant taxa remains a diffi cult problem (e.g., Rabosky, 2009 ; but see Wertheim and Sanderson, 2010 ) . In general, it is diffi cult to disentangle the effects of shifts in speciation from shifts in extinction ( Ricklefs, 2007 ; Rabosky, 2009 ) .
Signifi cance for angiosperm diversifi cation -Taken at face value, our results demonstrate that shifts in diversifi cation are not consistently associated with the origin of major named groups such as the ones examined here. Instead, shifts in diversifi cation may often be inferred not far within these clades. These fi ndings are consistent with the view that radiations tend to be lit by a long " fuse " ( Cooper and Fortey, 1998 ) , and also with the idea that an initial innovation enables subsequent experimentation and, eventually, the evolution of a combination of characteristics that drives a major radiation ( Donoghue, 2005 ) . For example, it is possible that congenital fusion in the mesangiosperm line of the originally unsealed carpel ( Endress and Igersheim, 2000 ) in some way resulted in an increased rate of diversifi cation. In other cases, the proximate drivers of diversifi cation may not be direct modifi cations of the identifying characteristic(s) of the named clade. For example, in legumes, diversifi cation may have been driven by changes in fl ower architecture, not by modifi cations of the legume fruit itself. As always, however, it will be very challenging in individual cases to determine all the factors (intrinsic or extrinsic) that have contributed to apparent radiations, and factors such as gene and genome duplication or biogeographic movement may well have been involved (e.g., De Bodt et al., 2005 ; Moore and Donoghue, 2007 ) . And, as we emphasized, the real drivers may have had their impacts on rates of extinction in different lineages.
These considerations highlight that named taxonomic groups have a tendency to orient our evolutionary studies. Specifi cally, our views on diversifi cation have often focused on diverse clades that have long been named. These are the groups about It seems clear that as we pursue such questions on this very large scale we will need to focus more attention on properly specifying null expectations. Perhaps it may even be necessary to abandon methods that seek to reject or confi rm a hypothesis based on some underlying type I error probability in favor of methods that identify a model that best approximates the information contained in the data ( Burnham and Anderson, 2002 ) . The step-wise Akaike information criterion (AIC) framework, proposed by Alfaro et al. (2009) , seems like an important step in this direction. This method measures the fi t of rate shifts, added in a stepwise manner, until the addition of new parameters exhausts the information contained within the tree. So far, this method has only been applied to backbone trees and, therefore, has not fully confronted the complexity inherent in trees the size of our mega-phylogeny. In this regard, we are optimistic that with the rapid growth of sequence data in GenBank, and with the continued development of new methods, coupled with a better understanding of the timing of the origin and radiation of angiosperms ( Bell et al., 2010 ; Magallon, 2010 ; Smith et al., 2010 ), we will soon be able to explore more parameter-rich models that may better capture the complexity of the processes that affect fl owering plant diversifi cation.
A NOTE ON THE UTILITY AND AVAILABILITY OF THE MEGA-PHYLOGENY
The mega-phylogeny featured here is currently the largest one for fl owering plants. As we have emphasized, there are a variety of problems associated with the inference of a tree of this size, and these may limit its utility in some contexts. However, we believe that it may be useful for some comparative studies, and there are several other arenas in which this tree could be of immediate value. For example, it could be useful in testing methods for visualizing large trees, or in the development of methods and programs for carrying out comparative analyses on this scale. The tree and the underlying data set can be downloaded from Dryad (http://datadryad.org) and can also be obtained from the fi rst author.
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